In this paper, we demonstrate a compact integrated nanohole array-based surface plasmon resonance sensing device. The unit includes a LED light source, driving circuitry, CCD detector, microfluidic network and computer interface, all assembled from readily available commercial components. A dual-wavelength LED scheme was implemented to increase spectral diversity and isolate intensity variations to be expected in the field. The prototype shows bulk sensitivity of 266 pixel intensity units/RIU and a limit of detection of 6 × 10 −4 RIU. Surface binding tests were performed, demonstrating functionality as a surface-based sensing system. This work is particularly relevant for low-cost point-of-care applications, especially those involving multiple tests and field studies. While nanohole arrays have been applied to many sensing applications, and their suitability to device integration is well established, this is the first demonstration of a fully integrated nanohole array-based sensing device.
Introduction
Common surface plasmon resonance (SPR) technologies currently used in biomedical applications rely on different coupling techniques including the Kretschmann configuration, and grating and waveguide couplers [1] [2] [3] . Specifically, the Kretschmann arrangement offers a high sensitivity, with a bulk detection limit on the order of 10 −7 refractive index units or RIU [2, 3] . Assorted metal nanostructures that support surface plasmon excitations include nanoparticles [4] and nanoholes in metal films [5] , the latter of which was found to exhibit extraordinary optical transmission (EOT) [6] . EOT resonances specifically depend on the refractive index near the surface, which has motivated the use of nanohole arrays as biosensors [7] . It was recognized early on that the collinear optical geometry of nanohole arrays is convenient for integration, further offering the potential for a high degree of multiplexing within a microfluidic environment [8] . The on-chip implementation of nanohole arrays involved a gold-on-glass substrate with arrays of nanoholes and a polydimethylsiloxane (PDMS) microfluidic layer reversibly bonded to the top [9] . The first nanohole array-based sensing demonstrations achieved smaller output sensitivities compared to the aforementioned Kretschmann configuration [10] , and presently continue to be lower than the best Kretschmann sensors. Several approaches have been proposed in order to improve nanohole array-based SPR sensitivity, including devising analytical methodologies that increase the response to binding events at the surface [11] [12] [13] [14] [15] . An example of this is the application of sandwich assays in SPR [16] . Furthermore, the fabrication of nanoholes generally involves nanofabrication methods, therefore introducing complexity and cost with respect to the Kretschmann SPR which requires a single thin metal film. However, these complexities have been reduced by advances in top-down methods (e.g., optical lithography [17, 18] and nanoimprint lithography [19] ) and bottom-up methods (e.g., nanosphere lithography [20] , and colloidal templating techniques [18, 21] ). It has been shown that surface sensing from nanohole arrays produces up to 1192 nm RIU −1 shift in the EOT peak [3, 5, 7, [19] [20] [21] [22] [23] [24] [25] [26] .
An alternative to wavelength-shift detection in biosensing applications is to monitor the extent of adsorption by measuring the intensity variations from transmitted monochromatic beams [27, 28] . This has the benefit of simplifying the detection scheme (i.e. removing the need for a spectrometer), but reduces the spectral diversity of the detected signal. Consequently, the changes in light intensity used in this approach are often susceptible to spurious effects, such as drift in the sources or detectors and bulk matrix scattering as well as absorption [29] . In order to eliminate spurious effects associated with a single source at a particular wavelength, a second source at a different wavelength, responding in the opposite manner to the first source, may be added. In particular, if the intensity of the first source decreases to indicate a sensing event, this can be isolated from mere absorption or scattering of the light because the intensity of the second source should increase.
In this work, we demonstrate a hand-held integrated nanohole array-based sensing device with nine sensor elements, which is applicable to multiplexed detection [30] . This implementation is a significant step toward the use of SPR sensing technology for point-of-care and field testing applications. The device is based on nanohole array sensing, where the transmission spectrum of the nanohole array is modified by the local refractive index close to the metal surface. The device is tested through both bulk refractive index sensing and surface adsorption sensing experiments. Figure 1 shows an image of the prototype device used in the experiments and schematic detailing the main components. A Videology 20K135USB board camera (generic industrial OEM CCD camera) with 1/4 inch format 720 × 480 pixel IL CCD and 8 bit ADC acted as the sensor array. LEDs with broad incoherent illumination as well as simple biasing circuitry were used as the light source. The LED was controlled by a driver circuit which in turn was controlled via MATLAB (Mathworks, MA). A chip assembly enclosed the substrate with the nanohole array sensors and a microfluidic chip responsible for interfacing the gold surface with selected test solutions. The nanohole array sensor was positioned at the center of the microfluidic channel with cross-sectional area of 100 μm by 70 μm, with a fluid volume of ∼ 7 pL surrounding the sensor. Microfluidic solution delivery was achieved by means of a microscrew syringe pump (Harvard Apparatus, MA) via 1/16 inch outer diameter tubing (IDEX Health & Science LLC, Oak Harbor, WA). The chip assembly was clamped together using a customized metal frame with front and back openings for optical access and was mounted on a three-degrees-of-freedom positioning stage. Both the CCD camera and the circuitry containing the LEDs were positioned orthogonally with respect of the chip assembly as shown in figure 1 (b). The CCD camera was configured to image the arrays directly by adjusting the lens provided. The light source control, as well as the image acquisition, was achieved by a separate computer via MATLAB. In order to partition the image into regions relevant to the individual nanohole arrays, nine 5 × 5 pixel grids were formed based on the location of the top-left pixel of each array's image. Signal responses for all nine nanohole arrays were simultaneously displayed in real time, since averaged pixel intensity (calculated through sampling 25 geometric points, whose result was temporally sampled at a rate of approximately 12 Hz) was displayed for both the red and green LEDs. The integrated sampling period was 10 s per LED wavelength. A metal housing (not illustrated) was utilized to reduce electromagnetic interference and effect of external light signals. Details of the fabrication and assembly of the individual components of the device are provided next.
Experimental details

Overview of the integrated sensing platform
Nanofabrication of sub-wavelength hole arrays
The nanohole arrays were fabricated and imaged using a FEI dual-beam Strata 235 focused ion beam and a conventional scanning electron microscope. Device parameters such as the energy to which the gallium ions were accelerated, beam spot size, and the beam current were respectively set to 30 keV, 7.14 μm and 115 pA. A 3 × 3 array of sub-wavelength holes was milled into the 100 nm thick gold film on glass substrate (with a 1 nm chromium adhesion layer) commercially available from EMF. The array period was varied along the columns to be 420, 430 and 450 nm and the hole diameter was varied along the rows to be 225, 250 and 275 nm.
Microfluidic chip assembly
A PDMS chip was fabricated using a replica molding technique reported elsewhere [31, 32] . Using CAD software, a mask with a straight, 2 cm long microchannel measuring 200 μm in width and 70 μm in height was generated. A master of the microfluidic channel was fabricated by spin-coating SU-8 100 photoresist (MicroChem Corp., Newton, MA) onto a clean 7.62 cm silicon wafer (Silicon Quest International Inc., Santa Clara, CA), placing the mask over the coated wafer and exposing them to ultraviolet light for 84 s. The exposed wafer was post-baked for 10 min at 368 K and subsequently developed using SU-8 developer (MicroChem Corp., Newton, MA) Next, the master was hard baked at 338 K for 3 min and at 368 K for 22 min. A degassed, 13:1 mixture of Sylgard 184 elastomer (Dow Corning Corp., Midland, MI) and its curing agent was molded over the master. Upon baking the materials at 363 K for 25 min, the replica was removed from the mold. Holes for connecting Polyetheretherketone (PEEK) tubing (Upchurch Scientific, Oak Harbor, WA) were then punched at the microchannel ends for fluid entry. The microfluidic chip was finally aligned and sandwiched with the gold nanohole array substrate, all of which were encased by a 2.54 cm square metal frame with a large central opening for optical access.
Results and discussion
Two-color sensing
An initial microfluidic test was conducted to assess changes in refractive index using different solutions. One specific innovation of this device was the use of a dual-color LED. Figure 2 (a) shows white light transmission through the nanohole arrays and LED spectra acquired using established SPR spectroscopy techniques [3, 7] prior to the microfluidic experiment. The degree of plasmon generation and the amount of transmitted light depend on several factors including the holes diameter, d, and pitch, p, and the dielectric constants of the metallic film and the surrounding medium, ε d and ε m , respectively. The approximate SPR wavelength can be defined by
, where i and j are related to the order of the grating [3, 29] . Figure 2(a) shows the transmission spectra at resonance wavelengths and the spectra from the red and green LEDs.
As shown in figure 2(a), the LED wavelengths were chosen such that one of them (green) increased its output intensity as the refractive index increased, and the other (red) decreased its output intensity. Thus, the LED's spectral maxima lies to the left and right of a nanohole array transmission peak (for a periodicity of 420 nm and diameter of 225 nm). Figure 2(b) shows the response of the nanohole arrays to the timed introduction of water and glucose solution at a flowrate on the order of ∼1 μl min −1 . A fast and repeatable sensor response to the change in refractive index in both red and green lines was found. The fast response is attributed to the small volume required to be replaced in the vicinity of the sensor of ∼ 7 pL. From 0 to 20 min at the start of the experiment, before the glucose is introduced, both the red and green line signals showed detectable, and repeatable, drift which was attributed to thermal effects. For that reason, a drift correction procedure was applied according to well-established methods [33] . Additionally, two aspects are noteworthy: (1) the magnitude of the signal change in response to the introduction of solutions with different indexes of refraction is significantly higher than the drift, and (2) automated calibration before and after testing, as performed with commercial SPR units, would mitigate the influence of the drift on the measurement. The transmission coefficient was permitted to reach a steady-state value before reintroducing a liquid into the channel. The LED was toggled to temporally separate the green and red signals for detection on the CCD sensor. Compared to other works that used biaxial arrays [34] and multiple arrays of different periodicity [7, 9, 30] , the two-color scheme benefits from allowing for uniform and uniaxial array fabrication, which is more amenable to low-cost fabrication methods.
Bulk sensitivity test
To determine the bulk sensitivity of the device, we prepared five test solutions of incremental concentrations (10%, 15%, 20%, 25% and 30%) of C 2 H 5 OH in H 2 O. These solutions were then injected into the device in series. The combination of nanohole array and LED wavelength generating the largest shift in pixel intensity was found to be 250 nm diameter holes with 430 nm hole pitch and red LED. Figure 3(a) shows the step-waveform with the introduction of each subsequent solution of higher refractive index on this sensor (only red LED output is shown in this case). As shown, the system responded to each step change in refractive index. Perturbations in the signal in between solutions are attributed to the effect of solution mixing. Figure 3(b) plots the pixel intensity as a function of the bulk refractive index. From this figure, a sensitivity of 266 pixel intensity units/RIU was calculated. The dependent and independent variables are linearly related, with a squared Pearson's correlation coefficient of 0.989. The limit of detection (defined by signal-to-noise ratio of 3) was found to be 6 × 10 −4 RIU. The applied statistical techniques are similar to the methods from a previous report by Hwang et al [35] .
Dynamic surface binding test
To demonstrate the sensor's ability to detect surface binding events, similar to processes used in quantitative biosensing, an analyte-receptor binding process was monitored [35, 36] . The biotin-streptavidin complex, with a dissociation constant on the order of ∼10 −14 M, was selected for the experiment, given that it could reliably alter the surface refractive index [37] . Prior to the binding test, the nanohole array was plasmacleaned for 15 min, sonicated in methanol for 5 min and immersed in a 5.18 mM cysteamine solution in water for 72 h to assemble a monolayer [9] . Upon completion of incubation it was then removed, gently rinsed with isopropyl alcohol as well as with purified water, and immersed in a 17.6 mM NHSbiotin solution in dimethyl sulfoxide (DMSO) for an additional 4 h. Following installation of the nanostructure into the chip assembly, preliminary volumes of pH 7 phosphate buffered saline (PBS) were flushed through the microchannels for a settling period of 20 min.
The experiment consisted of an initial 10 min PBS flush period followed by the subsequent introduction of the rest of the solutions. The signal was continuously acquired in order to assess the dynamic binding events at the nanohole arrays, as shown in figure 4 . At 10 min, a 2 μM streptavidin solution in PBS was added. A gradual increase and decrease in transmission was observed for the red and the green source, respectively. At the 60 min mark, the sensor indicated that the surface concentration was saturated, and the system was flushed with PBS. The signal-to-noise ratio (SNR) of the curve was calculated by comparing it to the resultant signal from subtracting green and red LED output intensities as shown in figure 4(b) . This was performed to establish that the SNR would increase, as the value rose from 11.4 (given SNR Ori. = Signal Ori. /Noise Ori. = 0.570/0.0501 = 11.4) for the original binding curve to 17.2 (given SNR Sub. = Signal Sub. /Noise Sub. = 0.875/0.0510 = 17.2) for the subtraction curve. As expected, the signal trend attained after the PBS flush was constant. This is related to the high affinity constant of the biotinstreptavidin system [38] in which the dissociation time is long (in the order of hours). It is also important to note that the long time for reaching saturation in this experiment might be due to the adsorption of the streptavidin to the inner tubing walls of the particular configuration used here, which may result in lower concentrations reaching the sensor at early times of the experiment. Another factor that may play a role in the longer saturation time is the efficiency of the analyte collection at the sensing surface. The relative roles of cross-stream diffusion and advection on analyte collection efficiency has been discussed in recent studies [39, 40] . Most importantly, these results demonstrate that the integrated device enables the detection of surface binding. The device is also compatible with established methods to increase the transport of reactants to the nanohole array sensing surface, such as the flow-through nanohole array approach that we have shown to greatly increase the sensor response rate [39, 41] .
Conclusions and outlook
In summary, we have developed an integrated, compact, nanohole array-based SPR sensing device. The device uses a two-color LED sensing scheme which can be used to distinguish between spurious sensing artifacts and the detection signal, as pairs of optical signals can be expected to exhibit complementary behavior. The result is a sensing system that would be immune to changes, for instance, in ambient light levels as expected in the field. Bulk sensing and dynamic surface binding were demonstrated, with a bulk sensitivity of 266 pixel intensity units/RIU, LOD of 6 × 10 −4 RIU (with potential for improvement by two orders of magnitude), and sequential binding process response for 2 μM streptavidin to biotin. The integrated nature of this apparatus, as well as its relatively low component cost and potential for multiplexing, makes it a promising development for future point-of-care diagnostics and field research. Further optimization, by exploiting the full dynamic range of the sensor, can be expected to enable a three-fold improvement in LOD. Other improvements would come at the expense of increased complexity and cost, for example, by improving nanostructures which may exclude the use of broad-area, low cost lithographic fabrication of arrays. Importantly, this device is compatible with the flow-through nanohole array approach that has been shown to greatly increase sensor response rate and is specific to nanohole-based methods. In contrast, we do not believe that significant sensitivity enhancements can be achieved by increasing the number of nanoholes because the arrays already contain over 1100 nanoholes, which is well beyond the typical saturation in the spectral response of 300 nanoholes. Based on these factors, similar sensitivities to those reported recently for nanohole arrays [42] , which lay in the order of 10 −6 RIU, are anticipated with this configuration. However, alternative strategies can be adopted for increasing the sensitivity of the device, such as the introduction of adlayers on the gold surface of the nanohole arrays [43] . The results presented here indicate that it is feasible to exploit the various advantages of nanohole array-based sensing in a compact field-portable device.
